With increasing knowledge that the immune system has a major impact on reproductive health, the potential for cells arising in organs such as the thymus to alleviate oxidative stress has been revealed. This study addresses the impact of neonatal thymectomy on male reproductive function in pubertal and adult animals. Neonatal Sprague Dawley rats were allotted to four treatments consisting of fully thymectomized, partially thymectomized, intact, and sham-operated rats. Half of the rats in each treatment were sacrificed at 40 and the other half at 80 days of age. Testicular volume, ventral prostate and spleen weight, several sperm attributes (concentration, motility, livability, membrane integrity, sperm penetration into mucus, total antioxidant capacity, mitochondrial dehydrogenase activity), plasma superoxide dismutase, glutathione, and testosterone level as well as fertility decreased in thymectomized rats. Adrenal gland weight, sperm malondialdehyde level, indices of oxidative stress, sperm abnormality, testicular and sperm lipid peroxidation, protein carbonylation, and sperm reactive oxygen species generation increased in thymectomized rats. In thymectomized rats, the testes contained high levels of malondialdehyde but low levels of glutathione and ferric-reducing antioxidant power. Epididymal sperm reactive oxygen species, blood lipid peroxidation, and oxidative stress indices in blood and spermatozoa were highest in fully thymectomized, intermediate in partially thymectomized, and lowest in both pubertal and mature control rats. Blood levels of superoxide dismutase, lipid peroxidation indices, and testosterone, and mitochondrial adenosine triphosphate and dehydrogenase activities in epididymal spermatozoa were lowest in fully thymectomized, intermediate in partially thymectomized, and highest in both pubertal and mature control rats. The data indicated that increased oxidative stress and mitochondrial dysfunction might play a role in the mechanism of immunosuppression-induced testicular and sperm abnormalities.
INTRODUCTION
Some of the main causes of reproductive failure include environmental contaminants , endocrine and neuroendocrine disruptors (Davidson & Bloch, 1969) , vitamin and mineral deficiencies (Hurley & Doane, 1989) , irradiation, hypoxia, physical injuries, drugs, and chemicals (Heywood & Wadsworth, 1980) as well as immune suppression (Jones, 1980; Bloom et al., 1992) . There has been an increasing interest in research involving the relationship between the immune system and reproductive function within the last 50 years (Nishizuka & Sakakura, 1970 Rebar et al., 1981; Farookhi et al., 1988; Andersson, 1992; Bloom et al., 1992; Jin et al., 1995; Su et al., 2013; Sharma et al., 2014) .
Infertility in the male is defined as the inability to impregnate the female as a result of decreased sperm quantity or quality. Reactive oxygen species (ROS) and/or oxidative stress have deleterious effects on reproduction (Diemer et al., 2003; Sun et al., 2011; Tai & Ascoli, 2011; Li et al., 2016; Yu et al., 2017) , and the thymus is well established as an organ in removing the free radicals (Mamutov, 1991; Ramiro-Puig et al., 2007) ; therefore, thymectomy may cause oxidative stress by excess ROS production. The T lymphocyte processing occurs mainly in the thymus, shortly before and after parturition (Kendall & Ritter, 1989) , and removal of the thymic gland during this period diminishes the T lymphocytic immune system in rodents (Bloom et al., 1992) . Miller & Osoba (1967) reported that thymectomy (TX) in neonatal rats and mice significantly affected the cell-mediated immunity. Post-natal thymectomy does not significantly affect their immune system although thymectomy few months before delivery can cause abnormality in the development of the cellmediated immunity (Chanana et al., 1967; Carroll et al., 1968; Binns et al., 1977; Fahey et al., 1980) . Elucidation of the relationship between the thymic gland and reproductive function has been of great interest during the past decades. It is well established that immunosuppression (IS) can affect the female reproduction including its effect on the ovary, follicle and corpora lutea (Nishizuka & Sakakura, 1970 Chesnokova et al., 1987; Tung & Teuscher, 1995) , and sexual behavior (Bloom et al., 1992) . In contrast, few but often discrepant studies have been reported in the male (Andersen, 1932; Bloom et al., 1992; Nishizuka & Sakakura, 1970; Plagge, 1940; ) ; for example, Nishizuka & Sakakura (1970) reported that mouse testes were not affected by neonatal TX, and Plagge (1940) found that neonatal TX neither accelerated nor delayed spermatogenesis, testicular growth, and reproductive hormones in pubertal rats. On the other hand, Bloom et al. (1992) showed that thymectomized (Tx) males showed variations in mount latency or post-ejaculatory interval with no significant difference in luteinizing hormone (LH) or testosterone (T) concentrations. In contrast, Deschaux et al. (1979) reported a diminished circulatory T level in neonatally Tx male rats. Therefore, the aim of the present work was to further elucidate the contribution of the thymus to male reproductive characteristics and selected hematological attributes in rats, especially in relation to the effect of thymectomy on cellular mechanisms of toxicity such as mitochondrial indices. The findings may be applicable to fertility problems in individuals affected by immune suppression disorders such as Di George's syndrome in humans (Morcel et al., 2011) , feline panleukopenia virus in cats (Schultz et al., 1976; Moschidou et al., 2011) , canine parvovirus (Parvo) in dogs (Wong et al., 1985; Decaro & Buonavoglia, 2012) , and bovine African trypanosomiasis (Ikede et al., 1988; Taylor & Mertens, 1999) and bovine viral diarrhea (Bolin et al., 1985; Grooms, 2006) in cattle.
MATERIALS AND METHODS

Animals, treatments, and thymectomy procedure
Animal studies were approved by the ethical committee of Shiraz University and Shiraz University of Medical Sciences. Rats were maintained in accordance with the 'Guide for the Care and Use of Laboratory Animals', Center for Comparative and Experimental Medicine, Shiraz, . The animals (n = 224; weighing 5-7 g), neonates of conventionally reared outbred Sprague Dawley rats, were obtained from 60 litters and allotted into four groups (n = 56 per group): completely thymectomized (Tx), partially Tx (one thymic lobe was removed), thymus intact, and sham operated. A partially Tx group was included to determine the effect of the removal of one thymic lobe as compared to complete TX.
Half of the rats in each group (n = 28) were then sacrificed at 40 (puberty) or 80 (maturity) days after the operation. Treatments T 1 , T 2 , T 3 , and T 4 represent the completely thymectomized (Tx), partially Tx, intact, and sham-operated groups sacrificed at puberty, with T 5 , T 6 , T 7 , and T 8 representing the corresponding treatments at maturity, respectively.
Thymectomy and sham operation were performed within 16 h of birth under aseptic conditions. Prior to the removal of offspring from the breeding cage, the dam was tranquilized with an intramuscular injection of 4 mg/kg acepromazine maleate (0.08 mL; Neurotranq, Alfasan, Woerden, the Netherlands). Preoperatively, each neonate received subcutaneously a single dose of 0.2 mL of cefazolin solution (50 mg/mL). At 10-min intervals, the neonate was placed on an ice pack (for 15 min) to induce cryo-anesthesia (Hard, 1975) . The thorax and neck were wiped with povidone-iodine solution (Behvazan Laboratory, Rasht, Iran). To reduce the risk of bleeding, the thorax was incised for about 1 cm. The sternal extremities of the first 2-4 ribs from the left side were cut. A small incision was made on the frontal muscle of the trachea and cut open descending continuously along the surface of the thymus. Following TX, the ribs and skin were sutured (Hard, 1975) . The rats were treated with antibiotics (Pen/Strep; Gibco-BRL) to prevent post-operational infection, maintained at 37°C during the recovery phase, and then returned to their respective sterile cages in an environmentally controlled room (24°C, 12-L:12-D photoschedule, 40% relative humidity). A safe and sanitary housing with minimum level of environmental contamination and infection was provided. The animal room (formalin-permanganate) and cages (with ethanol) were disinfected weekly. Standard laboratory feed and tap water were provided freely. Neonates were weighed weekly after surgery throughout the study.
Tissue sampling
The rats were sedated with ether, and blood samples were collected through cardiac puncture and stored at À20°C until analyzed for testosterone, superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA). The animals were then euthanized, and selected organs (testes, vesicular glands, ventral prostate, coagulating glands, spleen, and adrenal glands) were removed and weighed; the right testis was preserved in 10% formalin solution for histological studies.
Flow cytometry
The number of T cells was determined by flow cytometry (Pinnas & Fitch, 1966) using fluorescein isothiocyanate-conjugated anti-CD 3 antibody and PI (propidium iodide; Biolegend Inc., San Diego, CA, USA). Peripheral blood (2 mL) was drawn into EDTAcoated tubes, and mononuclear cells were separated using Ficoll density gradient centrifugation at 400 g (30-40 min, 20°C). The sample was washed twice with phosphate-buffered solution (PBS; pH = 7.4) and diluted in PBS to obtain a concentration of 2 9 10 6 cells/mL. Red blood cells (RBC) were lysed (van Rijt cells were introduced to BD FAC-Scan flow cytometer and the number of FITC and PI-positive fluorescent cells were determined in channels 1 and 2, respectively (Fig. 1A) . For each test, at least 20,000 events were analyzed. The PI staining showed more than 95% cell viability in all samples. The T lymphocytes [CD 3 positive (CD 3 + )] were gated according to the forward and side scatter (Nicholson et al., 1996; Fig. 1B) . Then, the fluorescence gating on CD 3 + cells was used to omit unrelated cells by deleting the low forward scatter (FSC) and high side scatter (SCC) events (Roederer & Hardy, 2001; Tung et al., 2007) . The main concentration of events was recorded by this strategy. Final analysis of data was performed using FLOWJO software (Tree Star Software, San Carlos, CA, USA).
Blood concentration of testosterone and antioxidant indices Blood samples were collected by cardiac puncture immediately after sedation, and plasma was separated by centrifugation at 963 g (12 min; 18°C) and stored at À70°C for later analysis. Plasma concentration of testosterone was determined using a commercial ELISA kit (Monobind Inc., Costa Mesa, CA, USA) with an intra-and interassay CVs of 5.2 and 5.9%, respectively. Concentration of SOD was determined by a RANSOD standard kit (RANDOX Laboratories, Crumlin Co. Antrim, United Kingdom) using a spectrophotometer (Ultrospec 2000 â UV spectrophotometer) at 505 nm. This procedure uses xanthine and xanthine oxidase to produce superoxide radicals generating red color in the presence of tetrazolium chloride. The reaction is inhibited by SOD in which a particular decrease in red color intensity corresponds to a certain SOD level. For determination of MDA, plasma samples (0.5 mL) were mixed with trichloroacetic acid (TCA; 10%, 1 mL) and centrifuged (at 2000 g, 10 min). The supernatant (500 lL) was mixed with thiobarbituric acid (TBA; 0.67%, 500 lL), kept in boiling water (10 min), and allowed to cool, and the optical density was recorded 
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REPRODUCTIVE PERFORMANCE OF NEONATALLY THYMECTOMIZED MALE RATS spectrophotometrically at 532 nm (Supertonic 70, Bausch & Lomb, Feldkirchen, Germany) . Plasma GSH was determined spectrophotometrically (Ultrospec 2000 â UV spectrophotometer) at 412 nm using a modified method (Sedlak & Lindsay, 1968) . Briefly, plasma samples (0.5 mL) were mixed with 100 lL of TCA (50% w/v), and after centrifugation (10,000 g, 4°C, 25 min), 1 mL Tris buffer (pH = 8.9) and 25 lL Ellman's reagent (0.01 M, 5, 5 0 -dithionitrobenzoic acid, DTNB, in methanol) were added to the supernatant. Standard curves were prepared using known concentrations of MDA or GSH.
Epididymal sperm characteristics
The rats were euthanized, and the cauda epididymis of the left testis was chopped with a scalpel blade to release the epididymal content onto a dish into which warm phosphate-buffered saline (PBS; 35°C; pH = 7.4) was added to make a 1-mL suspension. Epididymal sperm count and sperm progressive motility were determined as described previously (Latchoumycandane et al., 2002) . Sperm progressive motility was determined by placing a drop of the sperm suspension on a glass slide covered it with a coverslip using a Zeiss (Jena, Germany) compound light microscope (4009 magnification), equipped with a hot stage (35°C).
Epididymal sperm concentration was determined using a Neubauer hemocytometer under a light microscope at 2009 magnification. Sperm viability and abnormality were evaluated in duplicate (200 sperm per slide) after eosin-nigrosin staining (Seed et al., 1996; Ommati et al., 2017) . Spermatozoa without tail or head or with protoplasmic droplets were considered as abnormal.
The hypo-osmotic swelling (HOS) test was performed to assess sperm plasma membrane functionality. In brief, 10 lL sperm suspension and 25 lL of 25-mOsm NaCl solution were incubated in a water bath (35°C) for 10 min and placed on a glass slide, and the number of HOS-reacted spermatozoa was counted by observing 200 spermatozoa at 4009 magnification (Fonseca et al., 2005) .
Lipid peroxidation index in caudal epididymal spermatozoa was determined using the thiobarbituric acid-reactive species (TBARS) assay and expressed as nM TBARS/10 6 spermatozoa.
Chemical reagents were obtained from the Merck Co. (Darmstadt, Germany). Samples were incubated in a water bath (10 min, 95°C) and cooled for 3 min after which the optical density was read at 532 nm (Supertonic 70, Bausch & Lomb, Feldkirchen, Germany) . A standard curve was prepared using known concentrations of MDA (Ommati et al., 2013) . The cervical mucus penetration was evaluated as described by Zodinsanga et al. (2015) with some modifications. Briefly, a flat capillary [length (100 mm) and diameter (4.0 9 0.4 mm)] was filled with fresh cervical mucus of normal cycling estrous rats, one end of the tube was sealed with polyvinyl alcohol (PVA) paste and fixed horizontally on a glass slide at 37°C for 10 min (three tubes per male). Approximately 100 lL sperm suspension was transferred into an Eppendorf tube, and the flat capillary was placed in a specimen tube in an incubator on a warming plate at 36°C for 10 min. After sperm migration, the samples were put on a hot plate and incubated at 65°C for rapid inhibition of sperm motion. The whole length of the capillary tube was then monitored to determine the maximum distance of sperm migration (4009 magnification). The mean migration length (mm) in three capillary tubes per specimen was used in data analysis.
Epididymal sperm mitochondrial indices
Epididymal sperm MTT assay
The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) colorimetric assay was used for determination of mitochondrial succinate dehydrogenase activity in isolated rat spermatozoa (Niknahad et al., 2015) . Sperm fractions (0.5 mg protein/mL) were incubated with 0.4% MTT at 37°C for 30 min and centrifuged (10,000 g, 5 min). The pellet was dissolved in 1 mL dimethyl sulfoxide (DMSO), mixed with 100 lL purple formazan dissolved in 1 mL DMSO and transferred to a 96-well plate, and the optical density (OD) was measured at 570 nm using an EPOCH plate reader (BioTek Instruments, Highland Park, IL, USA).
Sperm ATP content
Mitochondrial adenosine triphosphate (ATP) content was determined using a luciferase-luciferin-based kit (ENLITEN ATP assay kit; ENLITEN â , Promega Corporation, Madison, WI, USA) (Held, 2006) .The luminescence intensity was recorded at 560 nm using a FLUOstar Omega â multifunctional microplate reader. Protein concentration in the specimen was determined (Bradford, 1976) for data standardization.
Sperm reactive oxygen species (ROS)
Sperm mitochondrial ROS were measured using the fluorescent probe 2 0 ,7 0 -dichlorofluorescein diacetate (DCFH-DA) as described by Heidari et al. (2017) . Briefly, DCFH-DA was added (final concentration, 10 lM) to sperm fractions (0.5 mg protein/ mL) and incubated for 30 min at 37°C. The fluorescence intensity of dichlorofluorescein (DCF) was measured using a FLUOstar Omega â multifunctional microplate reader (k excitation = 485 nm and k emission = 525 nm).
Sperm mitochondrial membrane potential
Mitochondrial uptake of the cationic fluorescent dye, rhodamine 123, was used for determination of mitochondrial membrane potential. Sperm fractions (0.5 mg protein/mL) were incubated with 10 lM rhodamine 123, and the fluorescence was monitored using a FLUOstar Omega â multifunctional microplate reader at the excitation and emission wavelength of 485 nm and 525 nm, respectively (Heidari et al., 2016) .
Testicular measurements
Stereology of seminiferous tubules
The right testis was fixed in 10% formalin solution, embedded in paraffin, deparaffinized in dimethyl-benzene, dehydrated in gradient ethanol solutions, rinsed with distilled water, and sectioned (5 lm) perpendicular to the longest axis of the testis (Microtome; DuPont Instruments-Sorvall, DuPont Co., Newton, CT, USA). The sections were stained with hematoxylin and eosin and examined under a light microscope (Olympus BX51; Olympus, Tokyo, Japan). The average size and number of seminiferous tubules as well as the modified spermatogenic index (spermatogenic potential) were calculated (Chang et al., 2002) on a scale of 0-7 (Table 1) . Histological analysis of each section included measurements of the inner (luminal diameter, LD), outer (cellular diameter, CD), and total diameter (TD) of 50
202 Andrology, 2018, 6, 199-213 seminiferous tubules, tallies of the number of spermatogonia, spermatocytes, and spermatids as an index for spermatogenesis index within 20 seminiferous tubular cross sections in 15 circular transverse sections of tubules, each from a different region of the testis. The LD, CD, and TD of the ST were measured ( Fig. 2A-H) , and the ST profile per unit area (Fig. 3A,B 1 ) was determined (Gundersen, 1977; Gundersen & Jensen, 1987) .
Lipid peroxidation
Briefly, testicular sample (500 mg) was homogenized (Heidolph, Germany) in 5 mL KCl (10% w/v, 1.15%). A sample of homogenate (500 lL) was added to the reaction mixture containing 1 mL thiobarbituric acid (0.375%, w/v) and 3 mL phosphoric acid (1% w/v, pH = 2), mixed thoroughly, and heated in boiling water (100°C, 45 min). Finally, 2 mL of n-butanol was added and vigorously mixed. Samples were centrifuged (at 3000 g for 5 min), and the absorbance of developed color in n-butanol phase was measured at 532 nm using an Ultrospec 2000 â UV spectrophotometer (Heidari et al., 2016) .
Glutathione content
Testicular glutathione (GSH) content was measured as described by Sedlak & Lindsay (1968) . Briefly, a testicular sample (200 mg) was homogenized (Heidolph, Germany) in 8 mL icecooled EDTA solution (20 mM). Five milliliters of the homogenate was mixed with 4 mL distilled water and 1 mL trichloroacetic acid (50% w/v), and the mixture was shaken and centrifuged (at 10,000 g, 4°C, 25 min). Then, 2 mL of the supernatant was mixed with 4 mL Tris buffer (pH = 8.9) and 100 lL Ellman's reagent (DTNB, 0.01 M in methanol). The absorbance of the developed yellow color was measured at 412 nm using an Ultrospec 2000 â UV spectrophotometer.
Ferric-reducing antioxidant power (FRAP)
The FRAP assay measures changes in the absorbance at 593 nm due to the formation of a blue-colored Fe 2+ -tripyridyltriazine compound from the colorless oxidized Fe 3+ form by the action of electron-donating antioxidants. Briefly, the working FRAP reagent was prepared by mixing 10 volumes of 300 mmol/L acetate buffer, pH = 3.6, with 1 volume of 10 mmol/L 2, 4, 6-tripyridyl-s-triazine (TPTZ) in 40 mmol/L hydrochloric acid and with 1 volume of 20 mmol/L ferric chloride. All solutions were prepared before use. Testicular tissue was homogenized in cooled Tris buffer (0.25 M, containing 0.2 M sucrose and 5 mM DTT, pH = 7.4). Then, 50 lL tissue homogenate and 150 lL deionized water were added to 1.5 mL FRAP reagent, incubated at 37°C for 5 min, and the absorbance of developed color was measured at 593 nm by an Ultrospec 2000 â spectrophotometer (Al ıa et al., 2003) .
Fertility rate
Fertility was determined by mating each 80-day-old male with two 60-day-old virgin Tx females. The success of mating was monitored by the presence of spermatozoa in the vaginal smear on the following morning. Any male that impregnated at least one of the females was considered as fertile. Mated females were allowed to complete their pregnancy, and the number of pups (litter size) was recorded.
Statistical analysis
Data are presented as the mean AE standard deviation (SD). The raw data were checked for normality, transformed where appropriate, and subjected to ANOVA. The repeated-measures data were analyzed using the Proc Mixed. Mean comparison was performed using the least-squares means procedure with Tukey-Kramer's adjustment. Nonparametric data were analyzed by the GENMOD procedure. The level of significance was set at p ≤ 0.05.
RESULTS
The thymectomized rats sacrificed at 40 days of age had no spermatozoa in the epididymis; sperm production was not evident in Tx animals at 40 days but was complete at 80 days in all groups.
Body weight
The mean body weight of completely Tx animals was significantly lower than that of control and sham-operated rats during the last five weeks of the experiment (p ≤ 0.05; Fig. 4) . However, there were no significant differences in body weight between the treatment groups at younger ages (p > 0.05).
T-cell flow cytometry
Complete thymectomy efficiently eliminated the CD 3 + cells compared to the control group (2.1 AE 1.07 vs. 31.3 AE 0.04%; T 1 vs. T 3 ), (9.8 AE 0.21 vs. 35.2 AE 0.20%; T 5 vs. T 7 ) at 40 and 80 days of age, respectively, and to partial TX (9.8 AE 0.21 vs. 29.9 AE 0.21%; T 5 vs. T 6 ) at 80 days of age (Table 2 ; Fig. 1C,D) . At 40 and 80 days of age, CD 3 + cells in completely Tx rats constituted 9.6 (AE 0.02) and 37.1 (AE 3.92) % of total cell population and 2.1 (AE 1.07) and 9.8 (AE 0.21) % of gated population, respectively (Table 2) .
Organ weight
Complete TX significantly decreased the testicular volume, as well as the weight of the ventral prostate and spleen as compared with the intact and sham-operated 80-day-old rats; however, adrenal weight increased significantly in Tx rats. At 40 days of age, the weights of these organs were not different between the experimental groups (Table 3) .
Sperm characteristics and hematological attributes
Neonatal TX affected epididymal sperm characteristics ( Fig. 5;  Fig. 6 ) and several blood constituents in the rat (Table 4) . Sperm count, sperm forward motility, live spermatozoa, sperm membrane integrity (HOS), sperm penetration distance into cervical mucus, total antioxidant capacity, as well as plasma superoxide dismutase, glutathione, and testosterone levels, were significantly lower in the Tx rats as compared with the control and sham-operated groups. Plasma malondialdehyde (MDA) level, and MDA/SOD and MDA/GSH ratios, as well as sperm abnormality, were higher in these rats as compared to the control groups. Epididymal sperm thiobarbituric acid-reactive substances ( Fig. 5E ) and sperm protein carbonylation (Fig. 5G )-as indices of lipid peroxidation and protein oxidation, respectively -and percent abnormal spermatozoa (Fig. 5D ) were higher (p < 0.0001) in Tx rats as compared to the control group.
Epididymal sperm mitochondrial indices
Sperm mitochondrial dehydrogenase activity (DA; MTT; Fig. 7C ) and ATP content (Fig. 7D ) decreased in fully Tx rats A and E) . At different stages of the spermatogenic cycle, the quality of the seminiferous epithelium differs between tubules; however, all tubules comprise primary spermatocytes (C), each of which will ultimately generate four spermatozoids. (A and E). In control group, the seminiferous epithelium consists of maintaining compartments, the Sertoli cells (S), and spermatogenic cells which proliferate from stem spermatogonia (G), positioned in contact with the Myoid (M) cells, and differentiate from the basal membrane toward the lumen of the ST. This developmental stage generates different ontogenetically related cell types organized in concentric layers, that is, spermatogonia (G), primary spermatocytes (C), round spermatids (D), and maturing spermatozoids (Z). In control groups (A and E), all stages of spermatogenic cell differentiation, including the round spermatids (D) and maturing spermatozoids (Z), are seen. Total diameter (TD 1-2 ), lumen diameter (LD 1-2 ), and cellular diameter (CD); the normal structure of ST (↔) and interstitial tissue or ( 204 Andrology, 2018, 6, 199-213 compared to the control group (p ≤ 0.05); however, MMP was not affected by TX (p < 0.05; Fig. 7A ). Sperm ROS formation (Fig. 7B ) was highest in fully Tx, intermediate in partially Tx, and lowest in the control rats.
Testicular attributes
Testicular morphometry and stereology
The luminal diameter of seminiferous tubules at 80 days of age was larger than that recorded at 40 days of age (Fig. 3 , p < 0.001). There were no significant differences in luminal diameter between experimental groups at 80 days of age (Fig. 3B 3 ; 2E,H). Total and cellular diameters of the seminiferous tubules (Fig. 3B 2,4 ) in the control group (179.9 and 292.9 lm, respectively) were higher (p < 0.001) than the values recorded for completely Tx (99.1 and 206.3 lm, respectively) and partially Tx (118.5 and 201.9 lm, respectively) rats. In 80-day-old rats, the number of seminiferous tubules per unit area of the testis in fully and partially Tx groups was lower than in other groups (p < 0.001; Fig. 3A,B 1 ) . The spermatogenic index in Tx groups was lower than in non-thymectomized rats (p < 0.001; Fig. 8 ).
Testicular lipid peroxidation, protein carbonylation, ferric-reducing antioxidant power, and glutathione levels Lipid peroxidation and protein carbonylation were higher (Fig. 9A,D) , but total antioxidant capacity (Fig. 9C ) and glutathione (GSH) levels (Fig. 9B) were lower in the Tx as compared to the non-thymectomized rats.
Fertility rate
Fully thymectomized males sired smaller litter size (4.9 AE 0.73) compared to the control-intact (10.8 AE 1.09) rats (p ≤ 0.05); however, no significant differences were recorded between the control-intact (10.8 AE 1.09), control sham-operated (10.5 AE 1.09), and partially Tx (9.6 AE 0.96) rats. 
DISCUSSION
Flowcytometric analysis indicated the effectiveness of TX as shown by substantial decreases in the number of CD 3 + cells. The body weight of fully Tx rats was lower compared with other groups. The altered body and organ weights confirmed the view that thymus is essential for normal development and function of the reproductive organs. The decreased body weight might have been caused by smaller weights of studied organs (Table 3) and perhaps the weight of other organs that were not studied in the present experiment. It may further be due to incidence of subclinical infections. The weight of adrenal glands increased, indicating that Tx rats were under some type of stress which may be another cause of decreased live weight. Bloom et al. (1992) reported that Tx females exhibited decreased lordosis in response to estrogen, while Tx males showed differences in the mount latency or post-ejaculatory interval with no significant differences in luteinizing hormone (LH) or testosterone (T) levels. Deschaux et al. (1979) also reported decreased blood T level in neonatally Tx male rats. In contrast, Plagge (1940) reported that neonatal thymectomy had no effect on testicular growth, spermatogenesis, and secretion of reproductive hormones in pubertal rats. Such discrepancies might be due age differences. Esparza & Romand (1989) reported that thymus produces factors which modulate the response of testicular cells to hCG and inhibit T biosynthesis that seemed to be age-related (pubertal and mature animals). Left testis volume ( Sharma et al. (2014) reported that histological and cellular interrelationship between the thymus and testis in the mouse was analogous till pubertal age (35th); subsequently, thymic regression was the result of changes in gonadal hormone secretion. Nishizuka & Sakakura (1970) found significant changes in the ovary of Tx mice, but the testes were not affected by thymectomy. Conversely, neonatally Tx rats had atrophic testes, and abnormal tubular structure, with no noticeable changes in Leydig cells (Hattori & Brandon, 1977) . Andersen (1932) reported that there was no apparent difference in pubertal age between Tx males and the control group, with great individual variations in age at puberty, sperm production, and the weight of organs. According to Bloom et al. (1992) , thymectomy resulted in slower growth rate in females without affecting the age at puberty.
In the current study, thymectomy increased lipoperoxidation with concomitant decreases in sperm quality, mitochondrial indices, and fertility; similar to the findings in mice (Jin et al., 1995) , spermatogenic index also decreased. The potential difference in immune cell composition in the testis and epididymis as a consequence of neonatal thymectomy and its effects on fertility deserve further investigations.
Few studies have comprehensively addressed the effects of thymectomy on fertility. The antioxidant function of the thymic hormones has been established (Mamutov, 1991; Ramiro-Puig et al., 2007) , and the high proportion of polyunsaturated fatty (FRAP test), (G) protein carbonylation, (H) hypo-osmotic swelling test, (I) cervical mucus penetration assay. The rats sacrificed at 40 days of age had no spermatozoa in the epididymis. The results are presented as mean AE SD; (a-c) mean values with common letter (s) above bars do not differ significantly (p > 0.05). 208 Andrology, 2018, 6, 199-213 acids makes the sperm membrane susceptible to lipid peroxidation (Cobellis et al., 2002) , adversely affecting the male fertility (Cecil & Bakst, 1993; Cerolini et al., 1997; Ommati et al., 2013) . The antioxidant capacity of spermatozoa is low; however, enzymatic and non-enzymatic antioxidants in the seminal plasma protect the spermatozoa by scavenging the ROS (Zini et al., 2009) . Lewis et al. (1995) reported that total antioxidant capacity of seminal plasma in infertile men may be lower than that in the fertile men. In the current study, the ratio of MDA/SOD and MDA/GSH in the blood, gonad, and spermatozoa was highest in fully Tx rats, indicating high oxidative stress (Bhadwat & Borade, 2000) . The adverse effects of thymectomy on sperm and mitochondrial characteristics, and fertility in the current study, could be attributed to the peroxidation and oxidation of polyunsaturated fatty acids and proteins, respectively, in plasma membranes of spermatozoa and testis and/or alterations in the levels of the antioxidant (SOD and GSH) and testosterone. Thymectomy had a profound increasing effect on the TBARS content and protein carbonylation as well as a decreasing effect on the antioxidant indices, ATP content, and T levels. Increased MDA levels and decreased ATP content may result from excessive production of ROS by obstructing the permeability transition pores, with an increased supply of Ca 2+ concentration and affecting the mitochondrial electron transport chain (Fournier et al., 1987; Nicolli et al., 1996) . Therefore, it may be assumed that abnormalities in sperm motility, mitochondrial indices, and T biosynthesis were caused by excessive ROS generation induced by thymectomy. The immune system might interact with the reproductive system (Aleksandar et al., 2005) , and high levels of antisperm antibodies (ASA), especially of IgA class, may be responsible for reproductive disorders. For instance, Jarora et al. (2014) showed that lower in vitro penetration of spermatozoa through fresh cervical mucus of normal cycling rats was associated with higher titers of IgG-and IgA-ASA. Hence, it may be assumed that disorders in sperm motility and cervical mucus penetration in the present study were caused by higher ASA although we did not measure ASA production.
(I)
The effect of thymectomy on T levels is consistent with previous data in rats (Goldman et al., 1971; Piacsek & Goodspeed, 1978) and mice (Rebar et al., 1982) . It is well known that LH stimulates testicular Leydig cells to produce T (Catt & Dufau, 1973) , and a relationship between serum T levels and sperm concentration has been reported (Abdella and Ahmed, 2009 ). Accordingly, abnormality in sperm characteristics could be attributed to decrease T biosynthesis in Tx rats. A threshold level of T seems to be required for proper spermatogenesis (Tsubota & Kanagawa, 1989) , but the relationship between the circulatory levels of T and reproduction in the male is not consistent and seems to be affected by the species under consideration. In bulls, no correlation was found between serum T levels and sperm indices (G abor et al., 1995) . No significant correlation was found between blood T and seminal characteristics in Iranian indigenous roosters . Zeman et al. (1986) reported that seminal T was correlated with the ejaculate volume and sperm concentration in Leghorn cockerels. However, a positive correlation between T levels and fertility was reported in Ayrshire bulls (Andersson, 1992) . A positive association was also found between blood T concentration and sperm quality in men (Dowsing et al., 1999; Meeker et al., 2007; Yang et al., 2012) , guinea pigs (Blaquier et al., 1972) , mice (Meistrich et al., 1975) , and rats (Dyson & Orgebin-Crist, 1973) . On the contrary, Sundqvist et al. (1984) reported a negative correlation between blood T concentration and sperm quality in the mink. For evaluating the reproductive potential of ganders, Liu et al. (2008) suggested the use of T to estradiol ratio instead of absolute T concentration; furthermore, they found no correlations between plasma and seminal T concentrations, or between sperm quality and the T to estradiol ratio. Seminal plasma and serum estrogen concentrations were not determined in the current study; therefore, the presence of any association between plasma T levels and sperm characteristics in Tx rats warrants further research. Development and function of the prostate and vesicular glands are under the influence of hormones, mainly testicular testosterone (Mann, 1964; Partin & Coffey, 1998 ). In the current study, TX significantly decreased both the T concentration and weights of the ventral prostate and spleen with a concomitant increase in the adrenal weight.
The cellular and total diameter of seminiferous tubules (ST), number of ST per unit area of testis, spermatogenic index, and fertility in the Tx rats were decreased compared to the control rats. Decreased fertility in Tx rats was also found by Hattori & Brandon (1977) although Rebar et al. (1982) and Plagge (1940) reported that Tx male mice had normal litter size and ST morphology.
Considering the deleterious effects of neonatal TX on testicular histology, sperm characteristics and mitochondrial function, accessory reproductive organs, hematological attributes, and fertility, it may be concluded that an intact thymus is necessary for normal reproductive function. These observations might be applicable to fertility problems in individuals affected by immunosuppressive disorders such as Di George's syndrome in humans which is a dysembryonic disorder characterized by developmental abnormalities of the third and fourth pharyngeal pouches, featuring aplasia/hypoplasia of the thymus and parathyroid glands (Morcel et al., 2011) . Thymic hypoplasia leads to T-cell deficiency, and severe immunodeficiency leads to multiple infections (Brooks et al., 1994) . On the other hand, thymectomy had detrimental effects on reproductive indices; therefore, neonatal TX maybe directly or indirectly related to males undergoing immunosuppression at adulthood.
Rats rendered immunosuppressed by TX appear to have reduced reproductive potential. Further studies are needed to determine whether TX affects reproduction directly or indirectly through the hypothalamic-hypophyseal-gonadal axis.
